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TW EOT OF ALLOING ON TIE STRUCTURE AND POPERTLS OF
POMIER-TAL HARD ALLOYS 07 TUNGSTE CAMIDE AND COBALT

[Following is the tranalation of an article by V. F. Ftnke,
V4 I* Tuaaaov, Z. S, Trukhanova in the Rusanr..language book

1811d$3" n Q~g22W SjLvA(Research on Refractory
s Press, Koncow, 1962,

pp 68-95.j

The c•rbides of the high melting point metrls of
the Ir-VI groups of ,he periodic system belong to the
class of metal-like compound,3 which .sre chp.racterized "ty
extreme hardness and temperature resistence (Ief 1).

At present carbide ba.e alloys have been developed
and widely applied in which high toughness and strength
have been attained by the introduction of relatively
emall quantities of the plastio metals, Co and Ni. The
metalloceramic heat-resistant alloys based on titanium
carbide (Ref 2) end the hard alloys TiC-WC-Cc (Ref Z)
have been most widely applied in practice. The properties
of the metalloceramic hard alloys are dependent cn the
:composition and the pattern of the distribution of the
bonding phase among the carbide grains and thi3 is tc a
large extent determined by the wetting of the carbide base

iby the cobalt and nickel.
This paper presents the results of an investIg .tion

of the effects of the ccmposition of the alloys of the
",WC-Co system.

The determination of the wetting edge angle ty the.
.method of quiescent drops showed (Table 1) that cobalt and
'nickel completely wet tungsten carbide, i.e, the edge
angle (9 ) is equal to zero for the WC-Cc and WC-Ni systeis.
With an increase in the titanium carbide content in the
carbide phase the edge angle increased to 210 in an alloy
containing 23.6% TiC and to 380 in the TiC-Ni system*.

Table I
Wetting edge anglee of nickel in the system

WC-Ti, C-Ni
-ptO I , mn "•

WC -Fit

S(elu u~6 i•0 %•

S.,,•. • carbide comp~oeltieng
• edge anglefore cobalt



Tn alloys of the syste, WC-Co the carbide grains are
erveloped in a continuous film of co'c-alt (Ref 4) even at
very smnl. -ontent (about 1%) of the binding metal while in
the Tic-Co alloys they form conglomerates. In the two-rhase
alloys censistirng of a solid solution of VIC in TVC and I
ooolt phse there is a continuous bond between the graina
of the asr) ide (Ref 5). 'When the VC content a 7(Y,'! and
abcve tlie alloys consi~t of three phases: structurally
free tungsten carbide, a sulid solution of .iC in TiC, and
a cobalt phase. With .n increase on the content cf struo-
turally free tungsten carbide to 40-.C% by volume
(15-20% TiC) the continuous bond between the carbide grains
is destroyed, although the conglomeratee of the grains of
the titanium phase in which the WC phase is included (Ref 6)
are maintained.

Fig 1 presents the variation of the ultimate strength
in bending rnd the hardness of the alloys of the system
TiO-WC-Co as a function of the content of titanium carbide
in the carbide phase for a series of alloys with the kaoe
percent of cobalt by volume (7 and T5%). The WC-Co alloys
have the highest strength. With an increase in the titanril
carbide content to 30%, the strength falls to a magnitude of
about 80 kg/mmn-' and then stays constant as the titanium
carbide content is further increqsed (curve 2). An in-
crepse in the cobalt content to 25% by volume (curve 3)
is accomnpanied by a significant rise in strength (by about
8c kg/mm') in alloys with 5 and 15% TiC and a rather small
rise in the alloys containing 30% or more TiC. The
different influence of an increase in the cobalt content cn
the properties of alloys which differ only in the titanium
carbide content cq~n be explained by either essential
differences in the composition of the solid solution on the
consalt base or a different pattern of the cobe~t dinitri-
bution. Although the composition of the cobalt phase may
chznje, these b,o.nree in the alloys containing 5, 15, ;,nd
• TiC cannot be significoant since all these alloys are
located vithin the bolAndpries of the three-phase do-wain
of the phasee diagram iC-WCO-Co (phassee: TiC, WC, I.nc cobait).
Alloys ',itb a "igh TiC content lie -;ithin the boundaries
of the two-phase dooain. The sharpest che-ngee in tLt•
pr-,perties might be expected not within the bcundaries of
the three and four-phase domain but at the transition to tne
two-pha~e, i.e. in the area from 30 to 60, Ti(". The noted
differences In the pattern of the structure of ihe alloys
alao Pffects the character of' their fracture. It ie known
(T-ef 7) that the Weakest point in the IX-Co alloys iz at
the WC-Co boundaries and stress arean.ks appear on the bou-n-
4ary of separation of zhe WC phase and the aobalt. In the
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- TiC base alloys the cracks ori,::inaot nnd propagAte along
the grains and conglomerates of the titanium phase which are
formed as a result of inoomplete wetting (Ref 8).

.2 X

VIIle

cc) WC . 400#Ama $47'-,*

Fig 1. V"rietlcn of the ol.tin:,te banding strength
and hnrdness of alloys of the s3yiteim TiC--WTdCo as
a function of' the carbide phase cc..,osst ions,
1 - alloy!s contalng no cobalt
2 - allcys with 72' Co by volume
3 - alloys with 2V. Co by volume

ultinmte bending styenth, kg/MM2

hardness, Mv, kg/m=-
% WO in carbide phase

In WC-Co alloys with low Co content the thin _'-Ayers
of cobalt are "blocked" by the faces of the carbide gr;ino
and cnnnot undergo plastic defocrm.tion (Tef 9). Incr e,)ng
plasticity by *rneans of increasing the cobalt content iead;-,
to relaxation of the stresses which in conditions'. of brittle
frncture provides increased strength of the alloys. In
the ibsenee of continuous bonds between the graink of car.
bi±-e, increasing the cobsIt content will lead to P sharp
rise in the strength.

In alloys ccntaining 30% or more TiC ½he carbide
pha-e becmes The dete3rminp factor and increasing the
cobilt content has little effect on the strength of the
alloys in 1.4iicll continuous bonds between the carbide grains
Are present.

The hepriness of the alloys TiC-WC-C1c hie consistL
of 1qrd :nd brittle carbide phases and s cobalt-base
•1ti rhase is determined by the ccmr-iticn of the car-
1ide phese and the cobalt content. .... hbrdest alloys are

those whicb contain no cobalt (T'ig 2•, c~urve 1). Fare
tungsten carbine oý stoichiometric composition has a hard.
nee@ of 1750 kU/•nx And the haprdness increases with an,

3
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increase in the titanium cnrbide content. The introduction
of cobalt reduces the herdnesa, however the pattern of its
verintion a- a function of the titanium carbide content In
the TiC-WO-Co alloys ii analagous to that in the T5.C-WC
lalloys.

'he dsta on the variation of the ben.ing ultimcte".strength and harfnesa for the alloys studied as e function
of 'he cobalt content are presented in Fig 2. The curve
sholW.ng the variation of the bending ultimAte strength
for two-phase alloys WO-Co passes through a maximum
(curve 1). Tn the case of the three-phase alloys TiC-WC-,.
in which the TiC content was 50% by volume or 15% by weight,
X-ray stracturkl studies (Ref 6) sbcwed that the titanLuW
phase was under tensile stress arleisng an. a result of the
diffe2 ence in the coefficients of" ther.al expansion of the
titanium phase and of the WC phase which it surrounds.

na -o--.. 8"

Fig 2. Effect of cobalt concentration on the
bending ultimate strength and "n.h.rdness Hv of
the TiC-WC-ro alloys:
I - VdC-Co, 2 - 'WC-TiC-Co (l5%TiC in carbide),

- WC-TiC-Cc. (6%TiC in carbide)
A bending u4timate strenth, kg/m 2

E., kg/mm-
e% by volume of Co

Fig 2 shows that the shape of the curve for the
variation of the bending ultim"te strength as a function of
the cobalt content for the WIC-TiC-Co three-phase alloys
(curve 2) is analagoue tc the shape for the WC-Co aslloys.
The strength curve passes through a maxirum. This similarity,
in spite of the ccnsidereble difference in the strocture of
the alloys, is explained by the fact that in both cases the
increase in the cobalt content leads to an increase in the
plasticity, is accompanied by a relaxation of the stresses,
wnd increases the strenigh of the alley. The differenoe
lies In the oleumtntaU tnt the frg4q$u1 ste...e, 8w4

.4.
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with the carbide phase. The ccpper does not react with
tungsten carbide uhile 57% of the Al transforms into
the carbide phase, accompanied by a considerable reduction
in the parameters of the tungsten carbide lattice. ,Moly-
bdenum and chromium are distributed between the carbide
and cementing phases which also contain tungsten carbide
in solution.

The concentration of the cobalt based solid solution
during alloying with the carbide-forming elements
(No, Cr, Al) increases with an increase in the free energy
of formation of their carbides but the percentage of the
alloying metal transformed to the carbide phase is decreased.

The introduction of boron in the form of chromium
boride into an alloy containing chromium leads to a sig-
nifioant change in the distribution of the chromium
between the phases. The concentration of chromium in the
solid solution rises while its content in the carbide phase
becomes very low. The majority of the boron (74%) is
transformed into the carbide phase although its content
in the cobalt phase remains high (7.6%).

These datashow that the action of the alloying com-
ponents differs considerably and this has an influence on
the properties of the alloys (Fig 3, 4).

1 
-S

0 -4

Pig 3. Effect of the content of an alloying com-
ponent (to the binding metal) on the bending
ultimate strength end the hardness of WC-Co alloys
at a temperature of 2003
1 - molybdenum (15% Co), 2 - chromium (15% Co),
3 - aluminma (15% Cc), 4 - chromium bTOnd (16% Cc)a

- opper (6% cc)
banding ultimate strength, kg/= 2



At room temper-ture ell the alloying components
•ttl, ied, with the except ion cf co-er, lowered the bending
ultimate strength of the WC-Co alloys. The grentest lcw,,er-
ing of the strength is noted when a.lloyin, iith ciroTiiurm
betide, somewnt lea'ý with aluminur, still lesc ,vith
chromium, nnd the lepit with nolybdenum. The concentration
of nhe alloying ccmTponents in the 3lcid solution of the
cobalt base decreases in the enme order (Table 2).

MR I&

rig 4. Effect of cont-rit of alloying, cc, inporent,
(to bI-ndinr- metal) on the bending u3.tim-.te st•reng;th

and hirdnes.s of 4-he 'WC-Co alloys at elevated tem.

perp-tureess
-molybdenum (P0OOC), 2 - chromi~um (8000)

3 Aluminum (800c), 4 - cc •per (6Ooo)

Qb1ending, u ltimsle, kg/mmi
hnrdness, kg/mmo-.•
al: nloying, component content, ?tcm.ic ,

Tbe introduction of small quantities of co-pper (tco
41"o,1) leads To qn increpse in the strength of the alloys
%-Aile :, further increaz~e in copper content is accompanied
by - decrenne in the strength of the WC-Cc alloys. Alloy-
ing -'ith chromium betide, alu~i-num, clircmium and molyirdenurm
inCT-ý-e8*3 the concentration of the alloying components
(w, Cr, Al, 1,11) in the cobalt-b,-.•se solid s(-luti-on, decrerises
the plas•ticity, and leads to a reduction in the strengt
of the q"Iloyso The greater the ocncenrtration, "lie l-arger
the reduction in strength. The c~m~positionof the binding
rhase l.nn little effect on the hzrdnes.s of the alloys

•netihe hcnrdneic varies nnarly liner-rly ,,ththe chn-nrfe
in the cobalt content 1,-bile the volumetric content of the
bind ng phase in the alloys, studied did not exceed 20%.
The maximum increase in hardness: was observed wben alloying



lt .'t h-er2 :2i'oyinef vith chrom~ium!. All.oying with na~umirwU
i k n, omceptionp 'rid thi~s in probribly ro-,lp-ted to the:'ea

kl,;ct.ioz cS (hie 1hnrd s of the car'bid ahie
At e2e-,rted ternper;'tures (6000, SO0O), a.llayin~g

N Žilt1,c Cr, Al an Cr'n is Pccomper~'ed by a s~n.:.F~
1~ he~t~en,th of the, vil oys (Flik 4) ejý-

Sthep lowering cf th-l lplst~icity (,-f thn cerlent1-
liv,- -s r f*.vrubl- oc~tor. Ekowv,,ver, the wvx

c'ur've is A"'flrerent for each of the qlloy-ing adcitivee.
!hr )rl-'-e thr. ~cantent of t-h P-11cng ~t~ ir -;r*e

n".d -tion of A e1oying, comronene41t. in t h e ~2ly

t ci' the c' ndc 'y ioyiv 'for'dr' t

c, It y ±tr t ~itv e I aýt TI) he -t e t z c -i)er 't 11I e -r ;

i~ ocr(e.;Rs6 .Y t~be. hzrc~neve c.i' thie s-,~& the

a.'otive 1, 0 4 7 . he irncrvc.ne -Lyi 1hr-rr'nt~s, 1-jen

ca ' -,,jlurrtu -d t~hi is probably d et Orm.inedi
n' tý, rv1 c-er 'St~nl. ýýOcien~z'~t icn, of 11 iiý molybdnurm I.

~''effect. of' 'the additions cn, thie prd-ert~ of tibe
),3 daetrmineid riot only.S by the coonoentration r•' -113

2rli ý3v' lttiwn but v.Tso to A considlert-ble ex-ten't is de-
(')I~ c t'he ?natv."e of the riddtitve com-pon~.nt 11 1, s

1'34 )ths~t WýJ 11c, Ir, p nd A.l lep(- te) n,
~'~w~ ~r~n~'of the YlT a~nd Coc ;alloys att Tcomt~nrt

- ~ 1 #'irt ed t =7 -.3rsue (eprc i~rt lwioý a: n
t <ý-nt, tO straflgt~.Cf th e rLIkokeI a nd OC. .IL1P

llbe3 'rresents the Jp~tn c~n the effect. on tdle.ro
c~ 2 of' the aOC lloyr. of -. dclitkns Of Cc'ex. ke
c'~~ ~~from. tbr, tah'.eo tb.*itrodi.ttion vf 20C,, o.0iper

1Th~ copi~er c~ctent up to 1.2 atcmi, , tile
ri:'ticity Of~ the oernenting pheP.S' P e a-ar;Sl cfi

e 'ý,ee f d im ao 1 r/ 9 :uns t P.n c. arbiei dP q ~nd i ,, I c, -
P ,~;o.increacej Jrn stren-tlh..

At 6000OL the Increpse in t~trerigth :1 .lvrendly ptrEc
1lp2 ty nonexietert while tb~e strengt~'erning ac~ir cof tjhe

clt,,r ýdcitive ccmponerrtg (~i~c1 Cr, Al) is most nppxecia-1e
Sthký eleva~ted temp~eratures,



Table 3

3ffect of copper (20 !'o by weight to cobalt)on the
properties of the WC.Co alloy

20 8. 14 117 8788
8 1 I 177 1103

201 152 142 811
-5 231 177 928

copper content, w'7eight c,
oo•.Alt content, weight 4
u timate ben:- ing strength, kg/mm2
H kg/=2 

I

The p•ocperties of the pounder metl herd viloys, WC0-.c
nioy be i•ublstantially imprcved by the selection of s.dclitive
com'oonents, the chcice of ýOnich to a considersble exten.t
mu.3t be determined b,.:- the rattern of their interactiodn i.iitb
the cem.enting and carbide ph.•see*

-he carbide bpse i-cw.,der eta.i 'h-d Mlloys cons-ist
of herd, but brittle carbide ,?rains and pl,.-!tic constituents
(*,/C, C9 , !,si). The carbides are choaracterized by hi.h
strengt1r and h.'rdress at elevated tem.ero.tures ,.-ile ir.n,
ccalt, end nickel ,Dre outstan,-inq' for their rel,'t.velv
s3ight weakening, at high temperatures. 1he cementing mn.talze
are introduced in the minimum qup.ntities sufficient to
nttain the necessary toughness of the alloys,

It is clear frcor The deta obtrined in t.is inve.tiga.-
tion that in those alloys in which there is P continuous
'Ccnd between the carbide partic.es, an increase of the
cobalt content reduces the h,•rdness of the alloys .nnd does
not leve. to a significant imprcvernent -n their streni.Pth
(alloys WOX-Co and TiC-lW/-Co with TiC content up to .0-30.Q).
In the systems in which there is not a strong continuous
bond between the gr•1ni of the carbide phase, the introdtc-
ticn of n cenienting rzetal in the ssme volumetric propcrtions
as used in the previous cise lends to P considerabL, increse
in strength (a.lloys C-Co Rnd TiC and C-Co .,lith TiC content
up to 20-30w.`,).

The structure of the Rlloyc, the existence or 0.ýa:ence
of' continuous bonds bet,'en the cprbife T.xrticles, is
rri•r-rilv deterrined by the c.-.r.bility of the cementing

- 10



mots3. to wet the carbide. -nl 0orer to alloy t1he carb'de
phase 1At is fleces58ay to hs~vs ooamronents which,# ifiile
increasing the hardness --nd. the thiermal "resisvt:.noe of the
carbide base, carn also improve the ý-,etting of the carbide
by th.,e binding metal. Thbe optimum cease is a syitawr in
Which. oomirlete -wetting of the carbide by the cementing
Metal is &-ohieved, I.e. there is not continucua bond. batween
the grains of the carbide bass. 7n su~ch -1 system~ further
improvement of the properties ii~ possible by changing the
ccnomrWtiori end pro-orties of t'he cementing phase.

The experimen-ts conducted indicated that when alloy-
ing tbhe cementing phrise the alloying components can be
clivided, into two groups: the first group consizitt of
those ailevents which on introducticn redu,ýe the soltul-,ity
of the tungsten carbide in the cobelt (in our came thess
were copper and a3.uuinum)ý xind the second group ocnsists
of those elerients which increasee the therm~al resist~ance.
of the cemenit ond oIL' the all.oy Ps a. whole ( In cu~r cas
Me, Cr, kl) Pas ea resu~lt of the Inc-reased oaiacentrat ion of
'th e a 1 3'oying ccomponentso ' Ithe elements of' the firet group
shouuld be &dded in vey small quantitiest juet siJiin
to prevent the solution OIL the carbide in the brinding
metal.1 In this caae there is an incresse in the plasticity
of ,.be eamenting metal ?,nd an increase in the strength Of
t~fe alloy no. n. whole. Increasing the zu'ýr~tity of t.he alloy-
ing comm >onent and coorsclaqently increasing Its e c i's on
ir, the solid solution. reduced the properties of tba alloy,

The ptimum content of' the nlloying ac'mpaneritck of t~he
aecorrl grcup i determined by "'I~eir distributitn 'retveen
ths cementing and the carbid~e phesas, by their atreng.;th-
s-nirkg Letior. on the cementing rnetnlp and also by the
o)p.eraitir.,,- tomperaturee of t~h.e, given znaterisal., The aom_
,-osition of' the cementing phase sheuld b, such that there
is & minimumr reduction of strength and plasticity of th,.e
alloys at room temperature while the mazimm -ooasib'1e in-
crease in strength att Operating tewpierature ie 'nttr~ined,

CONCLt.S 10TTS

* Th reli in betweperi the composition of' the
c.Rrbide phese and the structure and *&he properties c,:i' the
alloys of the system WC-TiC-Co is shown,,

2. 7he dependence of the propertieis of the alloye
WC-Co and 'VC-TiC-Co (two end three-phase) on the cobalt
Content is presented.

5. Data were obtained on the distribution of the
additive cocmponents (Cup M4op Or# Alp CrB) betweon the
cementing end carbide phases in the WC-0C alloys.



ON THE STRUCTUPS 01 ALLOYS OF TITANIUM CARBIDE WITH NICKEL.
CHRM4MI , AND HOLYBDENiN

JFollowine, is the translation of an article by V. N.
Yerenenko, Z. I. Tolmacheva, and T. Ya. Velikhanova
in the Russian-language book Issledovanima W

haroprochnym Splava. (Research on Refractory Alloys)
Vol 8, USSR Academy of Sciences Press, Moscow. 1962, pp 95-102.]

In the development of the hard and abrasion-resistant
alloys and the refractory materials with a titanium carbide
base .nd using metallic binders such as nickel, chromium,

and mrnlybdenum it is important to have accurate dat, on
the interaotions of titanium carbide with these metals and
on the 3tructure of the alloys of titanium carbide wi~h
nickel, chromium, and molybdenum. The information avatl.ble
in the literature on t'his subject is beesed on the experi-
mental data of various inveitigators and 13 neither con-
aistent nor reliable. In th,' majority of the publications
it ij indicated that the interaction of titanium o-arbide
with these m etils results in the fornmtion cf either the
carbides of these metals (Refs 1, 2) or the release of
free carbon (Ref 3). These conclusions contradict the
conc�usions which may be drawn concerning the proiress of

the renctions in the systems TiC-xle (Me standing for nickol,
chromium, or molybdenum) on the basis of the tbermodynamic
3tebility of the cirbides of The metals of these elements.

The bonding of the cementing metal into the brittle
otrbides should signif'icantly alter the properties of the
mn.terials consisting of a titanium carbide base and a,
metallic binder. Firsit of all, this shculd 3ee.d to an
increase of the alrendy high brittleness of the titanium
carbide base alloys. The release of free graphite in the
alloys Is mlso undesirable since this results in a lowering
of the mechanical strength.

The present work on the triangulation of the systems
Ti-C-Wi, Ti-C-Crp and Ti-C-Mo was undertaken in order to
olarify the'actual phase composition of the alloys of
titanium carbide with nickel, chromium, and molybdenum.

THE T ITANIUM- CARBON- NICIML SYSTie4

A summsxyof the available data on the Ti-C and Ti-Ni
systems is given in Ref 4, that on the NI-C system in
Pef 5 and the interaction of titanium carbide with nickel
is discussed in Refe 6, 7, 18.

- 1-
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Fig I. P1base fields in Fig 2. Composition cf
alloys of titanium carbide the alloys studied
with nickel (Refe 3, 9)

& % by weiqht

There are varied ideas cn the atructure of the n1loys
of titanium carbide with nickel. According to the digzr-am
puhblished by Steinitz (Ref 9) with referericea to Stcv'f
work and Pccording to the late.r publication of "eaf 3 (Pig 1),
there is an extensive tbree--Khase field in the TiC-Ni
section of the ternary syscem Ti-C-Ni, formed by tit.ni.un
carbide, graphite, and a. nickel-base solid solution. On
this 'basis the conclusion was drawn that the TiC,-i section
is not quasibinary. On the other hand, investigAtions i"e-
ported in Refs 10 snd 8 gave a basis for concluding tht
the TiC-Wi section is quasibinary and has a phase diagram
of si. simrle eutectic type similar to the situation existing
in the TiC-Co (Refs 12, 13) and TiC-Fe (Ref 14) sy,,Atems.

Since in the system Ti-Ni there are tbree compeounds,
-- Ti2Wi, Ti]Ti, and TiNi2--,the nickel carbide Fi3C is nlot
stable at temperatures below 20000 (T~ef 5), and the free
energy of formation from the elements is positive up to
35000 (Ref II), in order to arrive at a final conclusion
concerning, the character of the section TiC-Ni of the
ternrvry systerm Ti-C-Ni an investirgaticn was made of then
structure of alloys whose omi..csition lies ;,.t the points
of intersection of t'te TiC-ii sections with the ,ections
Ti 2 Ni-C, TiNi-C, and TiNI3-C (Fig 2).

Alloys with these compositions were melted in sn
arc furnace using a water-cooled container in a nitrogen
atmosphere from a ligature of comrositon Ti 2 Ni, TiNi and
TiMi 3 and graphite of high purity.

After annealing of the alloys at 1280o, metal-
lograpbic enalysis determined that all the alloys were

14 -



two-phasýe. One of the rhases had a microhbrdness of 1bout
,,000 kg, cz•

During the metallographic ?nalysis of the ,illets
of melted titanium carbide obtained from titaniut anti
c•rbon, there were clearly apparent graphite exc llx.ions
which -,ere prizarrily located in tha vpper -orticn o the
bil t. Thus, during the process of melting the uncom-bined
graphite is strongly liquated. Since the free energy of

ro-ation of titinnium carbide is quite high -. at 20 0 0 c
4 it is 49 kcal/yrol. and continues to increase ae the
teu.per-ture is lowered, (Ref 11) -- while the free enrgey
of formation of the solid solution of titanium carbide in
nrcIel is much lowero the decomrosition of titanium carrcide
by nickel would be accompanied ,by a large increase in the
1:ree energy of the system. Therefore such a process cannot
occur spontaneously.

Table 1

The content cf free snd combined carbon in titp.nium
carbide prepared by arc miciting

Ho'w0 2 1C0

"P Cc.m

2 Di, 0,6 6 20, 1 0,5
3 20,1 6 7 19,9 0,6
4 19,9 it,7 7

Smelt number
total carbon %
free carbon, %

We also determined the solubility of nickel In
titonium carbide. Alloys containing up to 30% by weight
cf ii were prepared by hot rressing since it was not possible
to obtain billets which were homogenous throughout the
secticn .y melting in the case of those alloys containing
less than 10'4 Ni. The hot pressing was performed at temp-
eretures of 2000-22000 for those samples which had a nickel
content up to 5% while temperatures of 1900-19500 were used
when the nickel content vas 10-20%. The alloy containing
350% Ni was pressed at 18500.

The solubility was determined by the quench teethod
with metallographic analysis of the ground end after
--nnealing under various cond:-tions vnd with vwried duration
of annealing at 1700, 1650, 1280, 1200, and 10000. It was
found thet the alloys containing up to 0.6-0.7% Ni are

- 15-



s ri n,& e- n: .F eTip -A i f r e

of t~hc test seti- h-e wer. tu: re,' ta'hen usy
c o, P.t re.0,I t oi on~A -'.le 420 1 in e fo cued. If" t
d ot zarn 4re pr ec i ~ te ro c ti .- 1 or.S0ý d Sh I _!n, 0 a
thle 1.10y'3 rich,~ t'itgntuin i oti1t
analvjis wat, ccnd,.eted oni snnle the a).1oy3 contf-tiang,
10iX nickel trlr extended hc~icq i?- g-r..nnep ing ~
12.500 ~.It vas ft-und t1h~.--t the 0.~o of m e It. i ir T
P-11 o-' the.s~~e o'icurred at iL2fPo-1.3000 . T-, da~tA. ob-~
tained ý-,nd the ir ~ubliAshed Jt-,4c,1¶1etion (1'efq 3, 7)
permitted the coniotruction of the rlas dia-gram for t~e
Pystemn TiC-]Ni pr"ý, ented in Fig 3.

IMP

fill

I tU

TI- I C.010

TIM'

A eunmm-ry c.f. data on the at-zi.xcture of the alloys of'
the system Gi-Cr i.s presented in Piet 4 and th~.;t 1' c- the
syster C-Cr ir, le.f !5.

Inere is ve-ry little date ony the interaction of
Tzitaminum. ce-ýrbide wi~th chromium, R,:Of 1 indiicates that i the
allov,; of tiltanivtn carbide -AIth c,.-hrc~yiluni t'here is a third
1phsse Vdriich was id hnt if ied by X-ray tna 1.yr s ae claromium
ottrbide Cr 7C3. Engel (Ref 15) also~ observed the interaction
of chrcmium with titaniuma csrblde -.-lring the melting~ of



chromium in containers made of ',intered 4 itanium carbide.
The molten chromium scarcely penetrated between the greins
of the titanium carbide and rt the roints of contact the
forration of a, new phase was observed.

During melting of chromium containing srall (0.s;:
by weight) additions of tecbnicn carbide we •lsc obsrrved
the foraution of a: new phase which was identified by X-ray
anslysls as the lowest cubic carbide of chromium, Cr23C6,

Tbese observations are not in good agreemnent with
the theýrmodyrnamic characteristics of the carbides. The
free energy of formation of titanium carbide as noted
previously is 49 kcal/mol at 20000 K. At this same
temperature the frie energy of formation of Cr23C6 Pre
gram-atom of carbon is 16.2 kcal/mol (Ref 11). The
correspondinr magnitudes for TiC and Cr03C2 .t 15000 K
are 52.1 and 12., kcal/mcl (Ref 16." To clarify how the
system Ti-C-Cr is triangulted we prepared and sto'died
the alloys whose ccmpositim is noted by the points 1,2
on Fig 4.

Cr

Ti M t # 0 V t 0Cr~t

Pig 4. Cop:o•sition of the alloys studied

These alloys were melted in an arc furnace from
titanium ,nd the chromium carbides Cr3C2 and Cr 7 C3 , from
titanium carbide and metallic chromium. In the preprarion
of the alloys we used CrjC3 with 8.9%, by weight of combined
carbon (theoretical cmbi ned carbon being 9.06%) and
Cr 3 C2 with 13.4% by weight total carbon and 0.1; tyv -<eight
free carbon (theoretical combined carbon being 1iS,3,/5).
The titanium carbinde contained 19.,2; by *.eight, of total
carbon and 0.4% by weight of free carbor. (theoretical ccri-
bined car*-on being 20.0%). The chromium contained 0.1
weight % of C. Snpmles wer- elso prepared of alloys with
20 weight 5, of Cr from TiC and Cr of the noted compcsition
as well ae from tltsnium carbide with 19.7 weight % of

- 17 -



combined carbcn Pnd 0.05 weight of free cqrbcn.
-etl~cgra;nic amnlysis of the semn les or the alloys

',hich h-d heen Pnnealed rt 12000 indicated that the ell~oys
tre oir~d frcn c&.rniium carbide and metallic tit7nium
Z/e "q-cte7 an'd tue pleoys, 'ith 20 weight q of Cr ý,I/ich
'ere nelted from titenium carbide having 0.0,1 1:eight ýu cf

free crrlrbn !rnd 19.7 weight I, of totcl carbon were tv.'o-
rhpse. The •icrcl'-.rdness of the rhrses (300 and 30uO kg/cv'o)
correcsonds to the hrinezss of the chromium baIe nd
titanium c;r'.ide bose -:hases.

Z!-ote. T-,ese Rlloys hr~d the folloving ccmrpositions:
Alloy 1: 52.851s Cr; 36.9, 7i; 9.15 C C9., C theoret)
Alloy, 2: C,3.:0 Cr; 20.5:' Ti; 6.4,, C (5.4;' C t1:eoret)
C thecret is the qupnitity of carbon ihich 6crres-
ponds to the stoichiometric compcsition of titanium
cprbide bnsed <:n the quantity of tit, nium found in
the alloy Ity e lysie.

The alleys eencted. ',v proints 1 ind 2 on Fig 4 and the
allcvs ccnI;sinJIng 20 aeight ;1' Cr preppý:red from titanium
cnrbLde •'vi,±. 0.4 ,ei.ht , of free cerbon .nd 19.2 weight
, of tcto2. csrbon ,rere found tc be three-phqse. The micro-

hrrdness of 4.he phpses in these alloys were 300p 1000, and
"3 /�, ich cr)rresrcnds to the hardness of the

chromiump chromium carbide, and titanium carbide bases.
uch a. ddifference in the structure of alloys prep-red from

titanium c.r.hide .. th differing amounts of crimbired carbon
is explained bI, the presence of adMixtures of oxygen and
nitrcgen. ',e know (7efs 4, 17) that the presence of -.d-
mixtures of oxygen and nitrogen make it impossible to ob-
tain titanium carb-ide of stoichiometric composition. The
fcr-mntion of chromium carbides, as observed in Refs 1, 15
as well as in tV is present work, in the alloys prepared from
titanium c-rbide of non-stoichicm-tric compositicn is caused
by tl'e presence of the impurities. For example, in the
prep:,rrtion cf :n alloy with 20e. Cr from TiC having 19.2
weight "I of tctal csrbon and 0.4 weight 5 of free carbon
0.32 weight 2 of free carbon is intrcduced into the cheroe
wit"r the titanium carbide. T'his amount is sufficient to
bind ibout 3 weight c' cf Cr in the carbide Cr 7 C3 and about
5 weight ,;' of Cr in the carbide Cr.73C6 . The maximum
energies of the reactions cf the interaction of the titanium
",:ith the chromium carbides are chp.racterized by the follow.
ing impgnitudes.

At 2980 K: s ._,i.tlh l C...+ , F.I', C r . 14- F - '00 ,,•+.=

ri .�r '". -- " : 2 r .4 AF 4.5,9 £K+A,
I2

Ti-; Al .4 -Al i .9 ,...
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At 20000 Yt
Ti 1 (r"s:L TIC 1$ - .4 - t ~s

At 15Oo t' 1C,
It rru i /5.At' 407 , .

11 ~d v rI'fni d't4 in, 3. te thst th,:i euiu:li.-
t6rir C , f t.. 2b-C at temperýýtvres from 298 -to 2C100 00
1'? sl ci¼rpy t rw-:Prclsq 4h.-b 1'.-.nntion of titanium

%~nd cctnseqUnently th.2 fsyo.tem TiC-Cr is not
tt1 e 5,rs t ems ±i -Cwr. 3 C6 , Ti-0r70 end

'VCr:,v onuru tho basir, of this data. we may conclude
tha tic i ri o TZ-Cvoftbe týr-nery system Ti-C-Cr is

qu~ t.ibirsary

;AVIMurt7rr'r of thudta on the s-ystem TI-14o is pre.-
:4 Pc' 4 ¾d Iotaý f'cr thie sy,)stem ih- in `,el 18.

f. t 71f als -te 7nt ?.iltt½r ji-foruiqtion cni the te~rnvryi-.
i the nr~ea of tetriani le, XoeC-12Ai0-140C.

e.~ f ns; 'sn e,-sa ed rýc e ntlIy ~i virlg the res qult 1 0. ! trie i.nrj .e s.-
1~o e r e trtueOf ther: alloy's ()2 t ho trcnarrmy

~ i-tx':>at 71.0 ,Theath did. not P,ýt. cuti to
c'1 f,~4 o> 4L'". fl3 f~~~ t- th pegrs ofc th ~e cti r thet.

vs; '{ C -y '- ~rnirir F~j (It,3 gýu not e~ritical ly evaluaated,
V)' r'e oos~ io of' ithf phase fi1eldT in the isothorexvlal

r In ~ ~ I reentedin thaýt wor1 . rcqimtire rovis lionl.

;etVC rrt •o , he mcnocarbide is sta.*le. onj.>' at

Ir P >ýg.tt ,, in low.. t0merA.re ititierte

I!pu!t , 4~ t N. of 2r 980 Zther energyw of f.'ai
...... PI jrp 4 1.11ef ) itha magnitude of 2.S 1val/tt cl.

F!i~ §~ ýtfrar.!tiOi with ternpfltS-hture of tCO togarithir,
ci ~ ~ ~ ý, t~ r'vy~ he carbon in to~ramcrkbide and in

n',tdrwn~cartid, N2C ee11), ""ho relative stability
of the.3c.e ivrbo tiletserrn'ned ¾'the dirf -feren

As :sa ~eefrom Fig , this dff,-;r~en sesn al
ortVi~ Frg ft - 6 L Ah . 1-

.... 4,> Tl;, Lr entre vemýj~er!,.-ure range sign', up to0
't1h-e dt ng t'-nper-4ture of molybdenum carbide, ie. T:O10
Patil temr- 'tures is TAr more stable theny 1Z- 2 Q, alth t-e0 tough
with rise in tempoerture the values Of APTiC andAYNo 2C

19
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c onverse*

18 i "i IIp

efe ,dd'
It

Me to #0 go _41- !!1ý \

Pig 5. Isothermal section P~ig 6. Carbon a ctivity
of ternary system TA-C-ko in TiC and Xo2C ve temps

d atomic %

This indibated theat in ti-he system.Ti-O.Mo the equi-
librium of the reaction

MoIC 'L TI 2Mo,

and consoauont!y also the reactions

MoC ,+ Th-.,Ti. +t - Me,
2MMoC + 71 - TIC + Mo3C

Is sharply shifted toward the formation of TiC or solid
.solutions in a TiC bases From tLhis we must conclude thatthe oection Me-TiC of the ternary system Ti-C-Mo muit be

Squez ilainary.&
In order to experimentally prove the va~lidity ofthis conclusion we prepared alloys lying on the intersection

of the seltbon re-TiC with the sections i2TIn and Mo.-T1.
an the preparatlin of the alloys# we used molybdenum,
titanium, graphite, titanium carbide and X02C (total carbon
of 6% and free carbon of 0t15%). The charge for each alloy

was formed by two meaner from molybdtenum and titaniumoartides and fTIm banuro m thuand m ely musm coabide. The
alloys were o son wpsrtearng the Sample tha ie vatuum of

In40 to uy



10- 4u mm g at a ternperpture, of 18500 uning highi-frequenicy
be-ting 1'or 5 h-ouxrs, followed by metallog~r~rhic nnd X-ray

"Ile met'Kllograrhic analysisa showed that ý,11 the
nlloys, regvnrdle3.- of vfiich initIn.1 tpteriql~s %.ere used
in the chergep consist of t~o p~hases with microh--rcIissS
of 3Vu 00 ,nd 2400 Dgm'- urin~g X-r,-y tnaOysis, in
al.1 cf ths sani-nes only two rbas3es were found: onea
tlt.-ýn~um v-rl-ide I-Pse Pnd t'he other cc inolybdenum lbpse, ae
illu,,trr,,ted in -,ig' 7. The alloys rrernr ed by nrc tetn
from titanium carbide of n~ stoichiometric corrrositioln and
mrolybdlerum of' highb purity viele :,lso two-phase for all
rptios of the cons-tituents emd contained only TiO and
Tnolybdenum pha~ses. Thus, t~be experimrni~tal data confirm
that the section TiC&-io lo quasil~innry.

la 11J11111ifL -Ji L-

lb0 WLLJLIILLIJAL~iIL_

At iiih 11 II__ 11il i

Pig~ 7. Line X-ray diagramn of alloys of titnnium,
canrbide with mclytkdenun prepared by diflfererit riatAlods

As s result of th~e proof that 'the secticn if-L a
ousibliniryp we must consider that the pcsiticii of the

rThnse fields in the isonetric diagraar, (P-ef 2), (1,1,g 5) is
iniýorrect, eince, in accordance with this diagrar, a con-
siderable three-pbnse field arnears in the section TiC-',.o
1ri th L iC, M020, -,nd 3Ko-bPase nhpaseR. 'the existence of' an
nxo,site~ sve- of sc-lid so~lutions of molybdenum in titanii~ur
-o~rbirle ikhich was preeented in i~ef P2, ond which hes been.
ocnfrmedby cur investig&ationsp does not contradict but

rptb~er confirms the Oup.AibinAry property of the section
11o.TiC, iince

ATcW < &INIw) + Pt.

do M



but s~ince

t'her.

that Ing

Arw ,- AF~3t,,c;> A~~~A~O~

DI'lCfTIJ.S 10C03

se,-to TI-N of t: erar

3. Thji alis On tI,( sr11U ill ne1.0y Of tia.n~cV

4. V-,he s e o t i.o-iis"' Ji C',-C j~ ~id TC ...2 Ile ~re q u P.I n -vy~
6 ý 3 11i freI&ds in the systemi TiCc " .r Ir

in tn4 vrx- cý AY~irt' amid fibrton (Ief 2) aeO !Lneo1rect,.
Mre~ eiocurp te expe-t. amntai inve.!t Ig,;titons are reqjuir ed

in rirde'er to establish the toundn~ries of the phase fielAV9
of' t.he aystem IO1e
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AU INV3STIGATION OF TE, PRNMIPLRS IN VIBRATION PRESWI O0
POMDi XTAL HATISPIALS

[Follswiag is the translation of an article by N. S.
Gorbuoev, I* q. Shatalova, V. I. Llkýitman, aO P, A.
RebiMaer in the Russianzlanguage book Is aly

v (Research or 'R fraetoiy Alloys),
Vol 6, U8•R.Aeadedy of Seiecees Pro6es, Moscow, 1962,
Pp 103-11O. J

In the Soviet Union at the present time a new
branch of industry -. powder metallurgy .. is growing at
a rapid rate, The methods of po•,ier metallurgy are used
in the production of many machine parts, friction a nd
anti-friction materiala, copper-graphite compounds,
magnetic materiale, and products of the refractory ansd
particularly of xhe hard materials. This method congists
basically of the follouing technological stepes
1) preparation of the powders, 2) pressing of the bri-
quettes, 3) sintering of the briquettes.

When it is necessary to produce compacted rroducts
from powders a high and uniform density of the briquesttee
throughout their volume is required. The existing methods
of forming, such as static, hydrostatle, plasticized
billets, jet extrusion, rolling, hot pressing, and otharsu,
cannot satisfy all the requirements imposed on the pressed
billets or the final product. The fundamental taak in the
pressing of metallic powders is the attainment. of a
definite density and strength of the semi-processed material
which will permit further technological operations and will
ensure the required operational qualities of the product,

When using powders of -&he soft and plastic metals
it t• easy to control the porosity and strength during the
pre.sing process by plastic deformation of the powder
particles. In tbis case neither the granulometric com-
position of the powder nor zhe condition or relief of the
surfaces of the particles will play a decisive role in
establishing the mechanical properties of -;he semi-processed
material. 1ut the situation leý quite different for the
powders of the hard and brittle alloys. The -,articles of
these povders do not have the capability of plastic defox-
ation anfi consequently the density of the compact is de-
termined only by the mould filling conditions and are on!V
very slightly dependent on the pressing pressurs, as 1lzng
as it does not lead to fracture of the particles.

Whien the vo-.ume of the mould is uniformly filled the
density of the compact is critically dependent on the gran-
ulometric state and reaýchee a maximum for semi-dispersed
powders when the smaller particles are distributed in the
spaces between the larger particles. However, the optiumz
distribution of the partiolee in the volvao of the- mould

* 24 -



cannot be obtained by simple static compreesion and the
porosity of such compaots is always far from the optimum
1iichi corresponds to the correct (moot dense) arrangement
.of the particles. The construction industry has long used
moAern methods for the compacting of materials with the
aii of the low-frequency vibrating effect. This method ,is
Very effective and provides a maximie density of arrange-
ment which is close to the theoretical value calculated
frDm the granulometric composition of the powder, The
mechanism of the favorable effect of low-frequency vlbra-
tion$ on theecompactingý prooees lies in the fact that the
vi'bration destroys the initial point contacts which occur
amii thus leads to a more dense arrangement of the partiples
of the powder.e These phenomena which accompany the pro-
cess of vibration oompacting must be.present even at very
IDW pressing pressures and consequently will not 'be
a&.-copmpanied with fr'acture of-the particles. This is
esepecially important for the powders of the hard and brittle
materialse

As we mentioned, there are techniques for the com-
pi.cting of materials by use of vibrating equipment
(TRhfe 1, 4). Vibration is used for compact laying of con-
c:•'ste solutions with various fillers (Refs 9, 3) and for tha
c•ompacting of subgrade and surfaces of highways, etc. 3ased
on. this experience we might expect that metallic and non-
me'tallic powders could also be successfully formed using
vibration techniques (Ref 4).

This paper covers the investigation of the process.
o:* the vibration oompaction of .several materials in powder
form. The vibration source used was a mechanical vibrator
0", the 1I.16 type having a frequency of 4.4,000 cycles/min
and kMnstic moment of 0.065 kg-on. The vibrator was mounted
on springs and developed amplibum"p as-bAh as 30 microns.
The maximum amplitude developed b this zype of vibrator.
when mounted on unoompressed sar ngs i.10 microns. As.
the spring compression is Increased the Vibration amplitude
increases to 30-40 microns and then drops sharply to 10-15
mWLcrcne with a subsequent more gradual reduction. Wv.1her.
pe saing ýowders of Various materials the magnitude of the
change in the vibration amplitude as a funct ion of the com-

Srelssion of the spring (and consequently of the pressure on
h cocmpact) -is variable but ,the pattern of the ohange was.
tto same for all of the materials studi6d.

In order to determine whic.h materials are best suited
to tVe vibration compaction methodg' 15 different powders
were used; four metals, two' carbides, six mixtures of a
carbide with a metal# one nitride and two borides. A com-.
ptrison was ade of static and vibration nethods of coerpse-
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,tion and the roesuts are presented In Table 1.
A com.prisen of the magnitude of the relative cdar.-ity

of the compcts produced using ths method with tbe el.aotc
modulus of the powder material i1ndicoted that the pl•a;tic
materials with a low elastic Tmodulus were compacted mere.
poorly by the vilration met!od than by the usual ettjtic
mathcd. For m.trriais having an elntlc mcedulus from
25,000 to 50,000 kg,/m' the vibration methoo t.f ccmpacting
uesng a atecific pressure of up tc 20 kg/m' produced tke
same density as did thi static trethod uoing a specific
pressure of 1200 kg/cm••. Materials with elestic moduli

above 50,000 kg/mmn- were compacted better by the vibration
method than by the static method. Thus, the application
of vibration during ormpaction was most effective with the
nonplaetio materials*

Table I

Ti 3s M 0•0, -'1CTK

4 33 41 ('71

Cr 25,9 GA ,5 ,!l
TIN "5 7 6 .!I

TIC

8" il, We7 2)0 ("1) .iv

vibrat%'P •ed,.o"" sample -1; ;2-is the ,elati

707% \'VC -L-3!. C'o I;s -- 7o1) 60l r,7 1.0,1

. II~iw]c .-! 4% ¢:,• ro "i 1 rn u "t i 1;' 6.1 61,0:,

15%jTjW lq:-1 7r:, ,W(`I I IOY X,:) 5! 0 :,1;, 5',;

Note.cV•6 is the relative density of the
vibrated sample, f.-; 4rr I s the -relative

density of statically comp<e'ted samples,
%; ,S ir the density of the coumpct,
g/c m,; d, is t? density of the compaoted
m~at erial# g/ore ,

Spowder material
ela~tio modulus#, k•AIIRo03

- 26 4



Pi'g . presente che vari.t5fo;. of the der."ity of 'ie
co,.pcts cf cobalt and chrcrmiur powders as a function of
the presiure on the rowder du~r ing static. and vibrationx
compa,-ction. The cibalt pov'-&.•r, which iu capab).e of pla-:tic
deformation under pressure without fracture of tbe particles,
produces better density when using the static method of
compaction. For the less-plastic chromium powder the

/ I el

it No I i

4fr , e71 4 4C 4A,

Fig 1. Denitty of compacts Fig 2. Density of cmpeot•.
of cobalt (3) and cbromium of a mixture of rcwderi of'
(2) powders as s, function of tvngsten carbide arnd 2(. Io
Ir'osure and method of pres- a• a. function of p-ressure a.nd
sing; upper curv'e, static method of compe'ciion . -.

lower curve, vibrat ion sta.tic, 2 - t
(ioistter.ing agent i7 a 6% 3 - hyd-c.tatic (mgtronirig
r•olution of glygerine in agent, water, 7 om" per 100 g)
methanol, Ip cm per 100 g) la - static, 2a - vilration,

Sp, kg/c~z 3- hydrostatic (victen:ing
Sd, •,agent is a 6% solution of

glycerine in methenol, 10 cm3

per 300g)

vibration method prcvidez a higher relative density th2&n
with the two other pc-ders but it is still less effective
thar the static method, partia-larly if we consider that
for pressurea above 1200 kg/cm"n tbe density of the chromium
compacts is significantly increnssed without fracture of the
briquette after removIng it from the would.
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Curves 1-3 of Fig 2 present the variaticŽn of the
density of the compacts prepared from a powder of a
mixture of tunsten carbide and 20% by weight of Co as a
function of the specific pressure during compaction by
three methods: vibration, static, and hydrostatic. It
was not possible to obtain compacts of tungsten carbide
which were "transportable* without the use of a roistening
agent so that there is no data on the variation of density
as a function of pressure for that metbod. The moot plastic
material is a mixture of powders of tungsten carbide and
20% by weight of Co. It was less affected by the vibration
method of compaction than the carbidg but in order to
obtain a mixture density of 7.3 g/cmO using the static
method 9 pressure of 1200 kg/cm 2 was required while the
vibration method required only about 15 kg/cm2 .

This difference becomes especially important when it
is necessary to press products of complex shape from this
mixture. The use of high pressures leads to cracking of
the compacts in the areas of sharp changes in profile.
The same is true of a mixture of tungsten carbide and 6%
by weight of Co in powder formz. For a mixture of tungsten
carbide and 3% by weight of -o the vibration method permite
the production of higher densities than with the static
method since the application of specific pressures above
3000 kg/cm2 in the static method leads to fracture of the
compacts of sny shape after removal from the matrix. It
is not possible to obtain a density of 9 g/cm2 using any
lower pressures in the static method ut'ile this density
may be achieved using the vibration method at specific
pressure of 27 kg/cm2. This effect is even more marked for
the pure tungsten carbide powder (Pig 3, curves in, 2a).
The density of 9,45 g/cmre obtained by the vibration method
at a pressure of 5 kg/cm3 Qannot be obtained even at
pressures above 1500 kg/cms without vibration.

We investigated the variation of the density of cam-
pacts prepared from mixtures of the hard alloys of zhe
types T30K4 (96%TiW+4%Co), TI5M (44%TiWV 50%VWC f6%Co),
and TSKIO (15%TiW+75,C+e10%Co) as a function of the
specific pressure during compaction by various methods.

Miixtures containing a high percentage of cobalt are
less effectively compacted by the vibration method than
mixtures with smaller cobalt content. The quantity of
titanium carbide exerts the most influence on the modulus
of elosticity in the listed mixtures but the capsbility
to undergo vibration compaction is still determined by the
quantity of the most plastic component -- namely cobalt.
Por all three mixtures the static and hydrostatic methods
using specific pressures as high se 1200 kg/cmu was not
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abie to produce e;'. d134sity o1te: , ty the Vibration
method at a prrf 12 ki/om, other conditions being
equal.

Ametio. n Je pressure anA method of
preat, .i n g
la - Uttc, ,a- vibrnt.ion (moistening
agent iUa %.,t ter, 3 cm3 per 100 g)
1 - s'atic. 2- vibralion (moistening
agent .Fi ' 10 cmO per 100 g)

d , kg//r

In ,view of tl.o roor pressing charaoteristios of the
boride ard nitriLde, ri oers it i.•:af of interest to inve-t1oIate
their pressing tqi. the vibration method. Curves 1 and3
on Fig 3 present 1 :e v-7riaticn of rhe density of compacts.
of zirconium carIede as a funotion of the specific pressure
during static and -ibri.tion compaction anft these curves are
typical of those of the cther mat::r-ials of this group, The
pcsiticn of the curves indicate that the vibration method
permitted the r=iut.on of the pressure by a factor of 70
to 100 times. Yrn adli.tion, "traraportable' compacts were
obtained from all of the powders.

The powder,, , -itich are well compacted by the vibretion
method do not reoqAire a long period of vibration to attain
the maximum den.ity. The variaticn of the density of the
compacts as a finction of time is presented on Fig 4' As
can he seen, a rapid but not large increase in density
during the first 3 aeconds of vibration and a subsequent
slow rise in density to the maxlm.z value In characteristic
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of the ylaatic powders. A sharp rlse in dani-ity during the
first :.5-5 seconds (80-g0o of the t1cal, rise) and a sub-
sequent zmall rise to the maximum value during about I0
eeconds is typical of the norplastio powders, Fluther
vihration will not ie.d tc Lcrease in the density. The
shape df the density -- time curves as a function of
the compacting pressure show that for all pressures in
order to 4ttain the maximum den.:ity of 'ompacts of a nix-
ture of 94% by weight of WC and 6% by %.-Ight cf Co the
same vibration time is necessary.

The density of the compacts obtained by vibration
compaction are significantly dependent on the moistening
agent and the quantity used. If we compare curves 1 and
Ia, curves 2 and 2a In Pig 2 the following will 'he noted.
In compaci Ion of a mixture VK-20 (8,,,C*-•.,o) by the
vibrp.tion method, replacement of the water by a 6%C solution
of glycerine in methanl leads to an increase in depsity
from 7.37 to 8.27 g/cm at a pressure of 3-5 2 kg./cm in
comparison to a rise f om 7.34 to 7.85 g/cm "t. a
pressture of 1200 kg/cm using the static method. Thus, the
lubricating action of the glycerine during the vibration
method hba. much more effect than in the static method.
By selection of the moistening agent it is possible to
significantly improve the pressib!lity of the powders using
the vibration method of compaction and as a result the
vibration method becomes even more efficient (Pef 5).

For all of the powders studied an increase in the
density of the compacts was noted for an increase in the
ouantity of the moistening liquid (Fig 5) up to a certain
maximum Uhich is well defined for each powder. With an
increase in the compacting pressurae tis maximum shifts In
the *3irection of a lower moisture content. If the den°3ity
of the compact is less than 50fý of the original powder
the definite relationship of the density and molsture con-
tent is not observed.

The measurements mace of the atzylitude of vibraticn
at vwryingr specific pressure of compaction for the different
powders led tc the discovery of a re2:-tionship between the
specific pressure on the powders, the amplitude of vibra-
tion, and the density of the ccrnýact. Assuming that the
density varies in direct proportion to the frequency of
vibration, the specific pressure, end the amplitude
(within the limits of pressure and amplitude used in vi-
bration compacting) -vie can find a compaction factor which
to a certain degree characterizes the intensity of the
effect of the vibrptor on the powders. The results of
such a mathematical analysis of the data for five different
materiels Is presented In Table 2. The vitrecompaction
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Fig 4. Density of compacts Fig 5. Density of compact$
as a function of compacting of a mixture of tungsten
time for powders of (a) carbide and 20% Co powders
tungsten carbide, (b) as a function of the moisture
zirconium borids, C.) content of the powders for
titanium vibration pressings

do 9/=3 1 - 6% solution of glycerine
ti@o, CeO in methanol

2 - water
d, g/om3

( moisture content, % by
weight

factor 0 is calculated as the product of the number of
oscillations of the vAbrator per minute, no the specific
pressure -,, in kg/cmu, and the amplitude of the oscil-lation of the lower end of the plunger, A, in cm, as four4
from the magnitude of the acceleration measured by an
instrument of the PIU-1 type.

From the data of Table 2 it is clear that the
variation of the magnitude of 0 is in good agreement with
the variation in density as a function of specific
pressure in vibration compaetion. For any one of the
"...• atse We eon re bhe lndtoetton et the aeeelereaeter



Table 2
Cr, d, =. 7,.,2~ A

f.4) 9i41 1,64 82

4:3.1OIN~ 4J~N 40L 15,8 4:7 M 26. 30,

TUO'rjumII" flxsf
1 'v 1 15,8 ~1.20 1.5 t70 fi

IHao-vt>CyL, i/cA0 22,50 2,26'2,9 2,89

80% W -- La0 d11= A,2 ie8,"

6,08 V5 .c'6 I9,64-2

(P177 283 36t 36 332

® pressure, kcg/cm=2 (5densll.;yp S/cm3
T able 3

0,11) 14000 7, V

0 . 035 10W)0 7,95

:n, ryf ~vbator

('c ibrgt !-,n freciiencyg cyc es per min
~,density of comp~cts /c
(I -116p srnall rod
3-623v small rod
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as~ a funotion of the specific pressure on the powder- and we
ean fimnd the optimuim preasure for vibration compsetioii or
the given -povder.

The possib%.11ties of the use of the vibrationi
teehnique in the prejparat Ion of parts from the metA lo,,erwtic
matexrip-i1 and refractory rmetala are of~ great interest.
Tpblz 3 pr~esent t4-he "x~iation in 6ensity of ecompao-il rmade
fvow a powder of the mixture VK-20 (80Vc ao03
functi~on of the rnech~nica.1 properties of the vibra-t-ro

The data. of TIable 3 shovr thett as the k.inetic m~ome~nt
inrealsos from 0.065 to 0.35 kg-cm the density of th-,e
ocompset Increases. 1Yowever, the most powerful. of the
availa~ble ribratore i-. inae.tquate to compact P~s -=nh --.
60-70% of A part whic~h ia.,50-100 mm tall and ha~s P., :ýrozs-
-,ectifcnal ar-ea of .5-10 em-~. Tbis meanse that &t* the pr(-ioen-t
-time an using amialable equipm~ent for vibratiri.-i
we have the capability of pres~sing 1by this ~ev~ method parts
with beigohts to 20 U-' and, areas up to 10 (;M . F'is"ting
vibrstors for the cc~mpaition of concrete. egraga.tea hsv-e a
kinetic moment Pof 20-30 kg-cum but their frequerv~y ' s less
then 6000 cycles per min and -the ampli.tude* is too gre~t
for pmeders with particles of lo microns. and s~l~er.
ftperienoe. in rhe compaction of concrete aggregateo ha3
%lso alhow that for aggregates with sma~ll particles tLhe
op~timr.aL frequency io 6#000 to 30^00 cycles per mini and
haz Indicated the harmful effeats of lArge amplltuaes.

Our investigations have shown thet more powerful
vibrators having hieber frequencies (10,000 to 20,000
cycles per min) and specially designed vibration presseis
are r~quired for the wide applioatioxi of Y11bration compac-
tion to the motallocaramic and refractory powderso

1. V#.% Likbtmans ITS9 'gorbunov,9 I*G. Shatalovm, P.A.
Ytbincds floklna" AX1'3q.T? (Reports of tha UTSSR AS),

I 05, t 196 0
2. X~ .lkhaylov, P.A. Rebinder. Ariali

3., A*N. fleec. (Vibrated Concrete)#
Gla-'3tvoyizdatf15

4. 14X, Bell, R*Dl. DellendeŽ. 3. o h .Cr
N'o 11P 19B5

5. 7.1. Llkhtasn P.A. flebinder. Dg141.AX~ D
(,'eprts Cetho USSR As) Too, 3# 150

10,484,

GUS: 187Q
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MRTAIN PROBL.IMS IN !VIE THEORY Of THE THERMAL SOXI{ PFSISTANME
OF POWDER 1MTTAL 4ATEPRIAL.S

LFollo2inth- !s the translation of rau article by Y. Yu.,
Bslishbi, and 1, i. Likhtman in the Ruaslan-ianguage
lok !ssledevaniya P0 Zharoprochnym Wlavam (Research
en Refractory Alloys), Vol 8, USSR AeadmyI of Sciences
Press, Moscow, 1.962, pp 110-116.J

Thie improved thermal ,shock resistance of powder
metal miterinls in ccmparison with c.st mat riels of the
same composition has been noted in numerous works
(refs I, 2, 3). This paper is devoted to a more detailed
inveý-ti~ation of the nature of the thermal shock resistance
of the powder metal materials and the factois bezrinT oil
the majgnitude of this quantity,

First, it should be noted that the thermal shock
resistance is a property of the end products and not of
the materials themselves. It is difficult to find any
other property as critical in structural design as tbernal
shock rnsistance. Thermal shock resistance is defined as
the ability of a material (more precisely the rroducts
mp de from this material) to withstand cracking during
several cycles of temperature ch,,nge. Under identical
conditions of thermal cycling, a large port will be
subjected to more significant temperature differences
in various sections then will a small part. For this
reason the tensions caused by the tempersture differencee
will also be greater in a large part so that under identical
thermal cycling the large part will Inevitably have more
tendency to cracking than a small part. For example, in
one of our series of experiments the increase in the
dipmeter of a cylindrical sample by 25% (from 12 to 15 mm)
led to a considerable decrease in the thermal shook
resistance of the mmterial which contained Cr3C2, TiC, and
graphite.

During the temperature cycles which involved rapid
heating to 12000 and quencbing in water, the smaller samples
withstood 17 cycles before developing cracks while the
large samples withstood 4V fewer cycles. The initial
electrical resistance of cylinders made from TiC-Cr C2
having a diameter of 12 mt and a height of 18 m after 4
cycles (rapid heating to 100o0, quench in water) had in-
creased by 7.3ý times while cylinders of the same material
having a diameter of 15 mm and ýi. heigbt of 22 =m had ex-
perienced an increase of 10.5 fold. In this case an in-
crease in the dimensions led to a decrease in the thermal
shock resistance. It should be noted that in all the
experiments the larger parts invariably had lower thernal
shook resistance as shown by cracking and foiling after
fto cycles -nd by a geeter increase in the initinl
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electrical resistance per cycle (a reduction of the Initial
contact surface between the structural elements).

The shape factor which influences the concentration
of stresses and therefore the thermal resistance was found
to be quite significant. For example, the rounding of
sharp edges of the cylinders alwys led to an increase in
the thermal shock resistance of the samples. Even in tho
case of identical stresses caused by the cyclic variations
of temperature, the larger parts should be less resistant
to thermal shock.

Let us consider the case where the part undergoes
a reversible deformation in some direction of t 0.% under
sharp cyclic temperature changes. If the dimension of
the body in this direction is 10 =n, then the total de-
formation in this direction will be ± 10 mi6rons. Thus#
the reversible deformation in the body may become ir-
reversible if a crack with a lateral dimension of 10
microns is formed. As a rule the cracks due to cyclic
temperature changes are formed between the structural
elements of the material and not within them. This is
particularly true of powder materials having incomplete
mutual contact between the structural elements. If the
dimension of the structural elements in the body under
consideration is 1 micron, then the conditions favor the
formation of inter-particle cracks (the total deformation
I1 10 microns and the thermal shock resistance of the body

,:will be negligible). However, if the dimension of the
structural elements were 100 microns then the formation
of inter-particle, cracks would be more difficult and the
thermal shock resistance of the body would be considerably
greater, If the body dimension is 1000 mm, the deformation
per cycle would be t 1000 microns. In this case even if
the dimension of the structural elements is 100 microns
inter-particle cracks may easily, be formed and the thermal
shock resistance of the body will be very low.

Thusp the thermal shock resistance of a body will 41
increase to a certain degree with a decrease in the body
dimensions and will increase with an increase in the
dimensions of the structural elements of the body. This
body dimension relationship always bold true regardless of
the absolute dimensions of the body. In regard to the
structural elements of the body, the increase in thermal
shock resistance with increasing dimensions of the struc-
tural elements is valid only up to certain limits. In the
case of very large structural elements failure under
thermal cyclig maoy occur within these elements whioh leads
to their dti on into smaller strutural l too Thusi,

OM 2laitlsa smie
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cycling causes failure within the structural elerments
rather than between them, further increase in the dimnensions
of tha structural units is not helpful. Moreover, it may
be hn.rmful for the following reasons:

1) fracture of the structural elements may be
accomparnied y a definite orientation of the newly formed
smaller elements in accordance vith the temperature gradieut
which may seriously reduce the thermal shock resistance;

2) the bond between the large structural particles
in ma'ny caee- is weaker than that between the smeller
particles .-•.nd increases the tendency to oracking;

3) the thermal shock resistance is further reduced
hecause of the coarsening of the pores durinf- the increarse
in the dimensions of the structural elements.

Thus, there is ra definite size of the strtcturnl
elements below wh7ich an increase in dimensions (either
slnnle or ccmplex) leads to an increase in the therms&A
shock resistpnce of the material and above i.!,iich an in-
creatse in dimensions causes degrl.:.ation.

The following basic factors leadinr to significnnt
irrovement in the thermal shock resiStr-nce o•f the povder
met'als in comparison with the case metals should be noted,

1) the structural elements of the rowder nt-ilt
rossa#•ss "individual" ch-.racteristics to 9, sign if icant 2y
hi,-ier degree than' the grains ýf cast metals. This
improves the resietoýnce of the materiel to craching under
deforMTtion Tnd consequent2y improves the thermal shock
resistance. For example, a ztacl of unglued p-rer sVe6ts
may be easily bent without miy failure wh ile the same
stnck of well-bonded sheets will fail t.'en bent.

2) in Pef I it was shown that finely-disrer.ed
pores cpn increarse the t.hermal shock resistvnce ard that
fine epherica.l pores are particularly fF,.vcr2ble.

3) the rossibilities of regul-ting Vhe structure
in oast metals is much more limited than in the powder
mets2s, For example, the structural elements in the
powder metal materials can '-e either sim.le, :,s the granins
of the cost metal, or complex,.

These conplex structurel elements are a.ggregtes of
particles vhich -.ay in turn be subdivided into grainS*
There ire definite adventoges t-. the prcduc.ticn cf nc-w.-der
produ.cts from these crmplex structural aggregates rp.tbher
than from particles. The rcres between these coarse
structural P.ggregptes Pre smzller tha.n those between simple
particles of the same dimensions end the strength of the
bonds between these aggregates is grenter than between
particles of the same alse, The strength of the bond bet.,,een
the pertele,) within the aggreeate ar e.s t. rule greater



thn-n between. sniple part-
ic,les of the lame %AzI
(for identical conditions
of prepar.tion of the part).

There are several
types of such aggregates,
Gqulaxed afgreagptes of
7ýarticlas (grW-lule,) were
firet de.-oribed by o.ne of
the aýathors in 1938 in
Ref 4. Another ty:7e is
that of the fibrrous
aggregates ,ilh ~ n aeobtained by the procr•ing

of plasticized .u.-- of
nowaers in SpecI•al cent
trifuges (Ref 5) or -Y
extruding the pLa.-.'t.c.Izted
n.ixture through J ii.terp
a me.t grinder sofv cf
device, etc, The "thd
type is sheet rolled .fo
pia!ý,tioized .powderz (Pigý J.) ,
"r-om .sach Sheet it i'- o

sible to .. oren Uorouct by
s±iWple 'inding of the le-etFig 1. A sanmple of aggregeted with subsequent al-nteringp

sheet (parallel to the axis by cold pressin- ,.ter
of forming) (xlO) winding &nd 1'ter- z i nt ring,

or by hot pres;iig.It is known that a thin-v.lwl.ed shell is mucti iorc;rc-istýrit to tber-r1l sŽIook than n thick-walled cylimr,
1ho etructurc of the sheet sWictn in Pig ". is e. sort fC .
thiok-~wal'ed cyli.n.eor ocnsibLing of more or less individ-
ua~ly seprreted thin-•alled shells. Material with such
a structure, as might be expected frcm theoretlop! con-

nd, ts h7ts been demonstrated by our eAxerLrente,
is rAchmore resistant to therma-•l sh:ook than the usuaI

-er or cait meteriz.ls.
Thus the methoýi of powder metallurgy pre.rent great

possiblitiea for the control of the structure vhich may -e
looked upon as a sort of "internal framewcr;k" o: the
-pr c, u ct.

In our work we did not .tteirnt t. invetigate the
influence of the composition on the thermal shock resis-
tance. However, the experiment3 were conducted aith
materils hvying different ocmp•onitions in order to con-
firm the generality of the relotionships derived. In order
to reduoe the time rer~uIred for the experimente the com-

- 37 -



positions included some having low tihermal shock resistance.
Table I presents the menn results of the experiments

on the effect of the degree of aggregaticn of material In
equiaxed granules., The initial particle dimensions were
of the order of a few microns. The material was mixed in
methanol in a ball mill for a period of 36 hours. After
Irying, part of the material was subjected to direct hot
:ressing in cylinders of 15 mm diameter and 12 mm height.
nother part was mixed with a solution of rubber in

benzene in order to obtain granules of the necessary di-
tensions. Part of the granules were subjected to a pre-
liminary annealing at 16000 for 3 hours. All the materials
were subjeomed to hot pressing at 22000 under a pressureofr 50 /n

Table 1

TiC-Cr3C2-Graphite, mixed for 36 hours
~~~aeNahe rpstryn COCeh 4rpw J.u

rspmee.rpal 7.e.p ' '111011eno ite al- 74. hHuR qNIC.;

He rpanyA. :3,98 0,5 (aonoai- 0,5aup°Na.m qkom.-o ,0 11HR.n1a)

*12,5 3,68 9,7 3,81 03,5

160 3,82 10,3 4,j3 17,7
200 3,77 6,3 3,76 14.0

. 250 3.80 8,4 4,12 9,3
315 3,68 1'J 3,78 11,0
,3M 4,01 10,3 3,92 11,3

a granule dimension in microns
unsintered granules
sintered granules
specific weight

e number of temperature cycles
non-granulated particles up to
incomplete cycle

* -from 12000 into water

Table I shows that the non-granulated form of the
material had no thermal shock resistance. Granulation of
the material increased the thermal shock resistgnee by
V'I-35 times, or more than an order of magnitude. There is
an unclearly defined optimum granule size at about 160
microns. The better sintered granules had a thermal shock
retsistance from 1.1 to 2.8 times higher than the material
formed from the unsinterod granulee.
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Table 2
TIC-Cr3C2-Gr.%phite, sintermd graru.LesB

mixed for 18 houv%

I47, 4 0; M .

|f I' V W~l ti,07 .b12 •, U5 iO 4 0o i •,8,- r 1o I- 3,- t-,"
444 0 1 ,5

I) 4,7 12 3 5 14
3151 3,91 W,6 3,85 t1,5

350 7 3.80 ii
3 W) 7 3,85 1O

Sgranule dimension in microns
carbidie granulee not subjected to vibromilling
carbide granules subjected to vibromilliug
specific weight
number of temperature cycles

Table 2 presents the mean results of the effect of
Sribrcmilling on the thermal shock resistance. It is
clenr that the preliminary vibromilling raised the thermal
shock resistnnce of the granulated material by 20-50r/.
Irt addition, this series of experiments confirmed the data
of T-vble I on the favorable influence of granulation on
t'h, thermal ahock resistance.

Table 3 presents the results of the experiments on
the effect of the homogeneity of the composition of the
g7¶.,nules. In this serie, of experiments two types of
q-r•.nule were compared- 1I) a homoge:-xus ccmposition,
2, a mixture of TiC+OCr:C2 with granules containing
grf.Phite. The data cf rable 3 show that the composition
o:f grrnules of the first type were 30-40" more resistant
'to thermal shock.

Table 4 shcws the favorable effect on thermal shock
rr-ein.t°.nca of extended millIng of the initial mixture and

5 shows the effect of granulation rnd of strength
o' the granules for a composition havin( a hieher resis-
;tr.ce to thermal shock, SiC-B 4C-Graphite. The strength
of the granules increases progressively with increased
.icistcning of the charge with benzine, bond.ng with xiabber,

li:r.d~ing with bakelite,aand sintering of the granules. Tt
Ls clear from Table 5 that as the strength of the grenules

:L raised the revi:tq.nce to thermal shock of the compooition
!.s improved. As the strength of the granules i raised
their optimum size In raised, For example, for the weakest
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granules nl-tained by moisteninF with benzine the optimum
tbe•'ml Ahock resistence is found for granules of !0O
microns while for the stronger (bonded) granules the
optimum is at 315 microns, Pnd for the strcngest (sintered)
granules the optimum is at 350 microns.

Table 3
TiC-Cr3C2 - Gr • -;I its

ldn 3•)\.;tO, I UL , Is T

I O) j 10),o 3,74 7,06•0 1 L 3 , 8 2 , 4 1 6L•f, '2

75?/(, io Becy 350 it &b 11.3 4,12

g ranule dimension.in microns
granules
granules of TiC*lCr 3 C2 and separate granules Cf 0
specific weight
temperature cycles
751% by weight of 350 and 251;ý by weight of 160

Table 4
TiC- Cr30C2-. Gra'hite

Hve rpau gye. 1 3, 90

12i 3ýI 7, 3,M8,111 t , ý., 6i; 1 42 ,0 G 'm
800O 3,8 8,5 1 ,A,64 0

3153,65 .ti4 (35 10
350 3,71• 7:35•.0 •,70 5,0 3 4 .

125 a,3 9,o :,qt !'2, 0160 3,65 9,5 4.0 C•. ! (neqeash I pa-

215 3: 11, t0 I 3, 72 1
353,81 v) ,3 it

a gx~re-nie dimensicn in micirons t~f;-k
Smilled for 18 hours not Cr-nulated

c milled for 3 hours unsintered granules
specific weiuht sintered granules
number of tempereture eycles
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Table 5

SiC-B4C- Graphit e

, I5
9,4, t:jC

"- , i,:5 [ 14,.

• • grt:nu-'e diinen~iona ih micron~s

moiStened ,,itia rnzine
c bonded with rubber

bonded with bakelite varnish
e inttered granules
* specific weight

number of temperature cycles

Table 6 presents the data from the testinrý, of
samples of unsintered sheet oriented parallel to the
axis of forrmng of the sample (Pig !), of unaintereQ
foils oriented ne:rrendicu2ar to the axis 2)'-, 2), ?cf
unsinte-.ed granumee. The resi.tance to therwal shock Cf
the setmp"es formied from foi>. having ;.?.n open aurf-ce a.nd
oriented perpendiccular to the axis of forming wps lcw.
The samp. les of sheet baving a
closed surfce snd oriented
para, .lel to the axis of form-
ing had the hip'hest reistance
to thnrital shock.

We alsoe compared saz- 4
ples prepared from ffbrous.,%
grai~iule, with s.tnples from,
equiaxad graraileeý 'the sa-m-
tp1 o from aggregal- e,. fibre
c-ontaining TiC, Cr3C,% and
grqp".ite withstood 15 te•.-
perature oyoles vhile samplles
of the same composition w,,Ith
eqiixed ,rrarules withistood
only 11 cycles. The elec- Fig 2. Sample cf agFre-
trir.al :'esiatanne of seap2es gated foils (perpendicular
prapared from aggregated fibre to the axie of forming)
increaieed only about 2/3 as (x4)
much per tempera.ture cycle as
did the resistance of uhe samples prepared from equiaxed

° 41-



granules.
The observed data are in agreement with the general

principles of physical and chemical mechanics developed by
P.A. Rebinder in P•ef 6.

Table 6

TiC, Cr3C2 , Grapnits in unsinter-d granules

0riginal material -. S No of tempSoycles
Foils, oriente6 perpendicular to theforming axis (T}ig2 3°7* j: 1.

Sheets, oriented pýýrallel to the
axis of forming (Fig 1) 3.91 12.5
Uniform granules-250 microns 3.82 8.7

CONOLUS IONS

1. The mecherdsm ef the therml shock reaistr.nce
of the pow:der metal was investigated.

2. Preliminary granulation (aggregation) of the
powders significantly increases the resistnnce to thermal
shock.

1. M.Yu. Bal'shin. Iseledovaniva po zharouDxr-(n=
sp-avam (Research on Pefractory Alloys), Vol 3,
Izd. AIN SSR (UssR As Press), 195e
2. Srevechnik no mashiri t MP erJalam
(Handbook on lchnoConestruction Materials), Vol 2, 1959

(Princip2es cf Non-Ferrcus M'stalurgy), Metallurgzdaat
(1'etallurgy Press), 1960
4. X.Yu. r.2'shin. Patent No 76264, IC)52
5. I.S. 3roklin, D.L. Federmeykar. Compendium, TverdXg
op]ia_..y (Frd Alloys), Moscow, 1939
6. P.A. Rebinder. Pis k0-kh&Eiqheskav& mekhjnlk&
(Physical and Chemical MeahanicS), jzd. A SSSR
(tSSR AS Press), 1957

10s,48
¢080 1879-4
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VISCUUS YLOJ IN 'THE TMRXI~G 0F POWDERS
BY HOT PRESSING -

LF*llowiLng is the transl~ation of ain artie2.e by 1.. S.4
Koeval Ichar.1co, and 0i. Vt. Samsonov in the Ruasian-ag-av~age

boi~kj~~ovo~har~'o lavaa "Research on
tRefracotry Alloys),, ~Vol. 8,USSR Ac~ade;W of 3eionices Press,
Moscow, 12962, pp 116-126.]

The growiing r~pplicnt -1 of mate-ria½s cfrI 1fg rh mal tila
point, extreme hn-dness, high teimpcraturc. r tno. n
Tesi~mt-it to thre action of various corro-e1ve rnedikt iri
num-erou!s of :7modern teohncloy is rei'1'tedi te the -u~e

'A th -e ef reC C, ,77z.. ~~t? n~i I. lý k. . of $1 ,e
vithr norerr.t?1,e -nich ,, cr-rbon, bcrorn, nitrogeni, and,

The highi militin- -pc, 1nts of t~he -ý;,frRc t c. r r .3t b.1
snd :-ýrrcunds -- ,:ell ts the tenidency of c-orie of t-!ire tc

disz~~o'icre m-.?iti-ne Jlers tc. the r,3uieeiznt fcir ~iC-
e:luntion iLn Mhiý form off pcr.rdevrs t:Ath tbsubý3cuern:trnrs-~
formni'tto into cm-mtedcnC PrC Luct.8 by Means~ of t!ý rc\:4el
rnetsllurgy tealrriques. '"here a~re two bnt-sio 'methods used
In tbis process: cold pres ýIrw of billets with Gub~eciiexit
sntpring, mnd sir-nuitsneous pressing ind sintering of thle

pov-ders (hot pressing).
'Te latter tecl',nique -orcduces n fine-por e product

froma the hnigli-trelting point, hý'rlp .-nd 1brittl8 eI
~and orme-nis -/'ith, -. ,tjinirmpa expendi~ure of tinte i-%cf 1 ,2),

A~ 4.c~r In 7A;.fs 3-F, :.Iurinq sintering of *'ne
ro'wders in the sc.,111 ph'se. tbe-re Is visc.cus cr ~~~i

or the mnt eri;. under t!h'ý s ac tion of Cp 'A-ýry E'-
sure not-nri witLhin the r~crc- ecurl to g'/r , aher is1
the s*wr ra'ce tenso In Pid x i~s the r~mditie of the nc1,! A
h.1PA1C`r rate Of Cor~PF;Ctior. &rinf. the fLh
7.o~de~r= by hot preqý-inq in cormipari~scr -.'ith ccmn7er .jti:re.1.
e rintý-rn (w.itrcut ex-ernal r~re8su2) is duxe to thý,ea;tt-
i.11,-ry I-~me beri su~ripe nted lry the mCter.,'iP_1

sphe-ricr* (7fiýt',,ý n,9).
psed or. mo,.elg o4. J,'e pvr~e e:r~'c ~

,-.md cn tle cc~nc1aw'-ions of the phinme tv'aoeio3.! t~heory of
~intcyn~ cfTh~cKsn7zi- ~tm Sbuttlewvrth (Fr:ef f3), the

vwtýc'rs cf *,ef & reso~d -1,1e £-~icing ec.unticrn £-r the
rote of cornpaction oc, tle rntýjn du~rlngj hot prossinga

1,hereo is t~he reltntive density of the sintered body, that
An the wptic of the denalty cf tIhe Porous matotial to the



6en.sity of the perticleS forning it; t Is tim1e; P is the
externa;I riesý-ure; ? is t", e coefficipmn of she~.r (',---inar)
viscosit'.- of the compseted noteriel.

Thýe iul,7c2-Thts Z end c corr s-cnd tc the ra~te cf
co-rvvction c'luring bct r-ressinwM rnl dur-nrw conventicr.i,1
int #r ing.

... s equ'~ticn, i:-7norinrr- the fir:-t tern. on 'the r-ight,
i.e. (-n Lhe 2.ssu1nrtion thpt PO;2- s used in Ref 9 to
.ete -iine the coefficient of viscogity of P1uminum, oxide
at sinterinC temperatures. 1!oý-9ever, as we shall abow later,
this determina~tion is invalid since ee-ueticn (I.) Adoas not
five stlif"ctory. a~greernent w'ith the. !xperinental dtata

Th1is rerer r'resents the phen~cnienolcgical view of
the precesi of ccr~pnetion of the meterisl during the
q-.nterir.g of povd ere hy7 het rreseir.V ir li~rht oil the

nnec1'.tnisrn of the viscous flow of cryr~tal2.ine bodies.
A rer.cus ody 41uring the r-mt ering in the solid. rhase

is ~rIxture of rr~c-ti1cally incomn-ressible sclid p-.srticies
Pn r'-solutely ccnrr'ýssibhle voids wHich results in a nmprked
ccrrpressibilit~y ('e'f 12). As .9 result of the chaotlic dis-
tribution of the solid rprticles Rnd the -cres tlirc~ugh the
vcolume of' the rorous body, the li;.tter mray le cc~nzidered
isctrcpic, tr~klnr into aoccount the degree of orcosity by
the coefficient f which is equal to the ritio of the volume
of the -cres V2 tc the totei1 vc2lume of the material
7 - TV,.4V 2, where V1 is the volume actual1ly occup~ied by
the sclid pp~rticles.

The o~veral.l specific volume of the body V and the
volume ci' t'he pr~oes V2 may be expressed in terms of the
streeific volumne of the solid particles V fprming the body,
minces

Prom~ the rascrcscopic rocnt of view the process of
the sintering of row!ders by hot presaiing n~ay 1-e describe~d,
Ps the process of the three- dinens IonalI viscous fflcl! of Wi-"ý"7ýý,'ý"ý'l,ý-
pcrcus I-ody under the action of the forces of surface
tens'-on -nd the atrlied externrl pressure. Slince this
precess is acccmpenied ýy e. reduction of the vol - -

(shrinkneg) we tt the Aemwm-

,~w,



ýs i -e by tV I r

~ r f.`-nt z",effkci~ert, cf iviscosllty c -.

The lpI~t 4cr be~t;...1Cen the e,, of nr C1pýct ior ~rnd

r- trýnry '.ý I Prer.-OP (er 7
~ .Trck d cne ev ts.4 ez-,n I forc~es, re, er'red lo

-i S"l itj& r; Iu n.:"1 .. r. t ime , ii z e .. I e, C e m." o f t, ., 3 ;C

'?' :c:Wr~Žf-.repý d a 'j -h 1i j. ado tiv, e.~ ~ El:n Y

j?.~ :. ~. r~,~. 'rre f-tc. '.init vcliirno md urbit +ie

mv r,2 1:v s~e -oktY -ja of the diznirý 7ive f I.twn

timrs (T¾~r2.f ta.'ir!z the f'ormi

~4~ca t; ri ub ni c~. i c, rieLu io vrXý r d Vic th& .nt- l
tavenus t-imirne Of tQhcV

~z~4ng f the. .rrk o thie exra and1 di $pat1V*

n e MT. tAI r.~t2of

iw t C%.11 're -% j. exrpr pr. t'he ýU !--ý :7, ... of f.e 'ý:r.-r. ,

~e ir vc , .uTn a. '.'e surfsree tras 32 of a i~engle

w#~~~~t for w1'ow mreio.ývlp



It 1. sJa th0 er. a X ~to~xih~C
ef-fiie~'nt 1--'1-ifrpm font3 aiiiihcia -or a c~rý of any

Pier! the rate ot centr,,,ti'rn of itia surface of tha
1-o!' rnay be expressed 'i- the enupt1 cri:

-to the Sum of tile suThfce ~r~C-f th-.S "Ie.1idc*~~Lua
-ýores th,,e rate 01' C:ntrnet~iori of 1h -tnl surfrtce o1'
the rores of Vie 1i-tx. rý ~ e writj.ten :Th the -'ormt

wnt-re 4-3 h. tote I v-1-uite of tre -~Ores i-Id n i'i tha
rk (.nC'er of ;'cr.:sr in~ tne -7olumý!'~V.

3inceeV i-.- eq).vi tc the 1.1neear dimension of the

wher~e di i? the linerr dimension of the particese, then

S3ubst~ituting into equtxti~on (6,. "Lhe Va.1-ue o+'

the total Volume V ndt'he ec,1-umo ef t"1e -7oras V2In tte~rmt-
of trhe -7ciume Vi, from farxtiu).aa kes). we obtain the desired
relation fc-r the rate, of oh'rngo) of' porosity aa ai funlction.
of the extern~.1 17oroc. aatý,nr on a rorous bodys

4 '. P ~-. -f, u,, L ,

TVor t1-'-: case of, zlie ei~nter.ing ctf 1-ye~ vht
~~r ~ the snccnd te3-r (-n thei a'ij~gt i~-± qa ti~

1,' '.reat PO, for the sake of siiw ai on.if. Th~ b
r rt 4" t f., ýtt for :P o.ý ig/cm or 10 dynes/am',

di of 10 1iorone enil tre meaxiirum z-ossitle value of 0- of
200C dirne"S/cmp, tile ouevt t:'-

L t Liti;teg cn.2y V otf P. ,lith *n in~c es.se in the exzterna
~< i~. e~r~t~'he, cntribt-iton of ti%ýý suri'&~ee tensnion to the

rue Cf Compa~ction iilll deore e . Therefore, integraiting
ýoaQ ( witliout the *poecnd ts.rm on tUO righit and



- ~deternir'1-n." tne cc K ntgLc r' tloe c nditiori
fe foor t *0, vec-týn

lit I: 1r :i ( I..n/+4-r(-) P9

-J It
AJ , t o f * L'#. ( P u

igI. t'aito ~j1; te c f the t, tic
der, i ty c f olie n tungzte , cp~rlblt under
a rressuv) of' It-, k/> flm.Or tpmreratý;res o."

I1 .2100, 2. - C^ý0'0, 3 - 2-1000~ 4 -2400,

5- ?.5000 Ore2.taýtie dienity ~ ie

NIu 3t irKying, toth mil-1ies ty -3. and Lnr.Xci~t1

we Urt3equs*.ticon (9) in the nore cempect fr

Tequý!Yvtity F(f) is the mfnýýIrc of thr.e inr-o. k-Sve nr
(Ierity of -,-oý,derr dur~ing !'interirry by. hot -pre-43irg.
7 or 21 = constant, wic s Nrel2id fer llel.tcrniarn bodies,
for exp-mrle glqs- or rcsin, eju,-.ti(on. (11) tpk~ the form~

In ori5e- to con'7r - eoU,?t~on (2 J. thex r -c r.1 y .
7"~w~ 'lv P.r!8Iv.- ed ILI-e d t~ P. of ' I ijri~ e f* 16 c, i red

4 C -1A ý;" "".c-. 'T"..P vaIuen, cf- the re~dvoed ihrm :n
-nc r -'. 7 ( f) a '~1 -1ted 'by i'ormulr, '1Q) va r I 1 -A' I ,trly

wittn -h, time of !,intering (r~ig ?) :rc ofit. h
oivpiitptive nrrczee,ý,ent of evw'tic.- (12) Aith tite ezperimental
Jpta,
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Tbe s1ope of the tlines was used t- calcui.rite the
ralue of the viscosity of the S1oass (the glass ocmocsition
was not indicated in Ref 16) at a teytpeoeture of 6600.
Trhe velue was found to be 7. 8 6xl 0 ', which is of the order
of magnitude of thp handbook values. Eoweverp with the
assumotion that is constant, equation (12) is not ap-
plicable to the described process of the sintering, of
:ow•.ders of crystalline waterials since in this case there
is considerable Jeviat'on of the exper:imental values 'f
F(f) from the linear relation given by equation (12).
For this reason we must presume that the sinter:tng. of
crystý lline powders takes plece in conditions of unate,-.A:y
flow wherein the coefficient of Phearing viscosity of the
crystalline bodiez depends on the duration of sintering.

As shown in Refs 4, 17, 18, the magnitude f foar
viscous flow of cryetalline bodies of constant chemioal
compostion is given by:

I i Do.

-vfrtt D is the self-diffusion coefficient,J1 is thae volume
per ateom, k is the Boltzman constant, T is the absolute
temperirture, and L some characteristic dimension, for
exrmpl.e tho mean deoAmeter of the subgrains (mossic blocks)
free of dislocv.tion8 (Ref 17)t or the qiean di-.nenaion of
the grains (Ref 18).

Assuming that frr the case of sulfficiently _•sk•il
grains (to about 10 microne) L is determined by the
dimension of the grains, then a change in -Lscos.'ty may
be noted as the mean dimeneion of the grains i'articles)
ch•zrges with their groo•rth. Since the growth of the greina
during secondary reerystallizrOtion takes place in accord-
ance with the parsbolic law (Ref 19):

SIt . ,+ XcjVt, (4

where I is the mean dimension of the grains st titae t, o'.
iq the nit.i•.l dimensicn of the grains, K i.s the reeaction
conrtP.nt, 0 is the surface tension at the grain boundary,
a-nd V is the volume of .. 9 gram-moleoule. Then, sub-I
situting expression (14) in place of L4 in equation (13),
the ohange of viscosity uith time may be given in the form

i DQ
06S)
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Peotn rnd noting, tli-ýt-

N~ is1r'e viscosity- t t x 0, .o ~ to tbie dirm.,'ision
elf thne creir3 . , 'Te vrrive nt the fo~llowinr verietion of
the shearing výIscocsit- ofý the comracted mrn.t~erial with tim~e;

Suibstituting t:riz rei!'tion in the ri;!t.t -rrt olf
ec'u-tinn (311) we btair. tbe vprititon of -Lhe ch,ýngýe in
trorc±st- with rr-s,,;ure ýind mirr~ticn of' Sinteri~ng:

~ibis rprlicpbl!e for the desiriber -:rrcceas CT t ,.,
o~~~~ rio -f--cde ýc cr 'itr-! inp mpt r:1s Iry ot

Th'~ 7Vlue thecneff,.icierit b 'ih'oirvcue
'r~v 're rm.tier sslilv -1,ter, Ied freom the % of zhie ~~~1
loý-r-nhic et nt. of thne ylp 1.ý.irons ion ot' the grýiris

Pe uri,!-Lion of 0ý,e dutration of sintering f'r.,, T.he fo~rmla

Tn t-Alc crsc-v, r tbe. r!.-rct-,tj±jtic .Žior 1 .is
~er~ri~redfrcirm, 0e (11cn.ni~on of the subgrp.,ins, ý.h value

of' 1b^ Vwil dir~er veryr 'ittle from that found by f~u
(28S), since the growth of the grainis taer,~ plnce bj t~ie
sane dif~fusion mechpnirn, 9ndq in addition, b 4,uc

the rellptive sqtjared rat>) o'f growth of uhe greini )^ciri
SAtchYýnge ftr ýýpro:,(rtionelT zrdaictio cý'-,- vu

cf 11nein-~ it.* 'lie existence of 41o1t:- .
crc;-o:-te ccoY p,ýt 1'ýetv;e~n.~~t2ce r inf*ý tZenoe tl~-1.L ~-
nitude of Ib.

o-i-,r for tri.teer rwti c
7/4 oo~cr f the m~.. ,2, h,~~ Ln. 2:
f v n c e of cro:t,ý y s-'' s n ex-.r r? r 1- (TUef :i

It Z. ~ T d~ flot~ t!I 2L'rO. f !the t~ f

t'1,+'ersior in. -ef 20.

6 r, th '' inr b'- )o '~~3r f t v.'tr v .zer-
in c,-L ,* e rbdo -. siticn cllnýe to -Icl-; i-

"y r~.croc~cor1 lnve,-t1ý--ticn cfl --e recwder of ~-!ct 12ý

-49 a



1516 ISkgc/taf'. Toe chsrg: Ar the

sne irn'crm u c-f ra~ e Ql- z~u~ wr ý*r 4"- - '"o 4, Z.

rel' fl. C11 3r c1 qý 'It 1 7 -L,- d' -c I,

•'ngh ch top h law~-1 ofr'r cc~the >i

y va & nttfEzYsairon 12 b t e jy1 t r I tu'c Ce 17 C,"

i41rýity hlOf the sariSw,12e from th flt

w 'N' '0' 1 th e der' 4 ,, t' t ' d of .2 the rest tt

t~ie~"rq, thei5 detr-zita of the4 sampl ,;ej ri't. rý :r.g
1 "IF 2 o'cthr 'pr'rt i. r' of thýe ret'2ati',fe ",. citni 2 j

of CjI ' .In ! ng f, 1¾,-icnt c' tIt Attra&timi Qf the IQ~r

irr '71 3 rhoa v-tr of FQ t-) w."ith tie--'L

vtR4 x'r'tlen of the ho pr.'s.*e rule isvr sht Th Nir WAr> e N ?'

IF W~ 1 ttte exyri~mrev1t.l MR.- IA vyn ~acf rCt co- (4

t-!Yg3. to': obtain moes prjrcl qaC( e
valiues ef j, by the tcriirul c-s4' tirrg -oo ULtlifr (2.7)

'Ic ' + Phib*L

oT" 50.7



,where the coeffijcie.nt 6 rather than. 4 ap;eara .1.n tbe ý.e-
nomnto to acccurit for the no-n~r ocnresi.on vThere

P~en3 '4 Pjf P2tP3 ) &ýJP (PI~ 1'2, P~j are the nor-mmi
applied stres'ses and P Is the -prý-2sng preeeur6).

Table I

lValue3 of coefficient 'i, ~vi'scsity :70
anid aer'ery of "Iooser-rIng"

22200 1 0 022 l2 12,10u 0:040 1, 72 il I 004$; ,1io

24(k, 005 : 1) 11 0 1,*0 S VI.

FAKZ77(W 78000

cc) m. empe. r-.tU.r e, 0ccX

b b, l,'lin
,7s/cm-sec

ac- umcron o It. ime-rnture rAprea-ure aire jgiuen 17
~Vai"t.Aon of the 74,-ceOsIty 0-1 the "Orr.-

;rý rztung)1,sten cat~bide with dturat fýOjn f ruirte"irg ri

dPL8i~t of 1Thabie I31 sh o tlý;P the visecsity de-terr!'ned P~t t * 0 deC:t'eased wijth teraperture. Tho vrr±ationof rhe viscosity Niit1-r timmer~tures a~ccording to equation(13), may be prv'Isent,:d in. ""he form

V

Iif)



whcere U 1,- the enjerý-,r cf 'k: i"cif tl- .( tt- c Of
the ,riricted inaterijil, ind Fi is thie gn s c.on et rIt.

tzr~nsfo-r1ot ions5 we ma~y cbteain7
th~e th~eorctical formula -for L2
firidIng 'the enerpgy of' a-tiva-
ticoi of I'loccening" of the
19-t rice:

oC 1ti covaýOdii to 4-h-e

v- U? c, ihe err.y r i ---YYg 4. 51heno1ine vle

tC, c!n ýýn-c I-,, - or +n J~C. latice ("otuy•se rit

tV ic~ :1 ormfln.L -irc sh~rn.rl. in einterlnr tiras -for,

fovr :'~nn 0ic'U TV ti' -oci QLý nos t 3- 231',,(, -it-

vn-xry vit', the applied prre), 1 r se,~

e f fo r~t i C) 1 of t S O 114r t .1. P'S e
tz k' oi 0fuo oi nt erj n t i~e, iz:!

miIA in. riccordr.-nar wJttb
the vi~c.tprewcnted in this pa p er *In iii .
is in ngveaeriet with the c.trstem(tft in Pir'f 4 that iin the c,44,5

f -J*.-.en~vic'rta1 com npror3i. 1,he iri~cre!:.,4e i.n r sr ,1
3epd, to the iThc-rs-re iTh tl. ratL*e of crf'~Jnoecy
oi~t tl1,e cccý,irrpnce of p i-,-,t ic, d efolrn;st 4 %n .

in --t s imi I.-, r fsostihor, .ie rl-Ae- qua nt AIP ,it v(, nnlys'

on -0- Ict-pros- e intt~rirg of c'r.r:ct~ixdd'-, 4~~,C, t
te~mr-)-ZýtLuro of 1.3,N) .. 15f9O~r'L~o' a p~rpŽsi&Le of 340.6
kg,/cmF -,I &:Owq 1.1-- vprl't ArI on®f F (f ) with lg ( I+ t

Ccr' Cr 2 Ptnd Tplh'e ~2 lietý, t.he voiues of the ooV~in b
irr ýbe vinnosity )7* of ochrowmium c~trbide, T b oh .nge in
vie csity diirinr sintering determined from~ iormula (16)
13 s~i own cn F ig 6.,



siti

Pi±g 2.Reduced v!7rist-!o.,) r- 3e Reduced v 'i~tImn2 r.-
crf rc~oolty F(f) ve time pe-rosity vs tinie Cf itin
c.1, sinterini.; ±ý.r girss at of. tungsten c--irbide ;.,ýt 2Z000O
pre~s 1J.Zes of-~ A~1 prean~ur~e c'
I - 40 k.s/crn'; 2-56 kg,/Otm2  

-7,2-~ :,

a~ble 21

VaIUuf~a of tbo coefficient 1), th~e vi-sccoity
-nd the energy of "Icosenilng," c-f the (r-LC2"' t Ill

'riI :, . A M.. iIr.AAki 14.I Teder ypa. I b1

V170 1 005 :wtt"l 1540 0 020 1 30-(1
1.80 0.01 1590 .'2

b l/ni F~~seote: j1L.Si.00 c-'3/mro1

t-!hich zhiw'md the ~~er~ing i~zroces. unrt 1V~tt I.-r i.'r
ucvild Ite sep-i~ted into three, 7;tp'te3:

p-rzti cle ' L.ein

"LIe deirived ecý'.-Aicn (17) rna~y I-e uw-eel Pý -vb~i
for ~.rI-.t~cw. c&eleticon ef th,,. ner ~~~fjn in.
Vh e 1Vot r of ro-owders.

5 Z3 -



4k 'w' 4 ,

Sit-n fo-hoimcr- V ieo intrig t
III Ime r~eweo ~mertri o

IW,'4 L - t
9409 3 4 : -* 1990 ýnt, er I ' n g e m

Aoo~t si'() ca time aon usin equa~tion (17 tIM.orbi',e

(~inter.ng) tier frobn u.n Antir- v tooite of 45;.,i'~ ato
1106pit of~e Z;c,;;undr af presuertue of10 oftm bu
770. kgt-a For' Igt 1 Cm-se 2370 b a-.1!i h

-4i0e 3s 15400 - 1o *L~/s
Thusp40 th prcs of sinteringtfke3n tftie, reltl!O
Aucl eikmm) ?*salcuat IOnO ung, equati. (17) refractory

,ftrts une opt0 g/mumsec nd bt 0.0s ofintring tbe ho~ot ionss
(itininTbl ),a t.est~mablse byiia eperoimet poeses5 to q
o~rdert of coffcin of.e eshearen of 50 g/zlty. ao
7~I ~intbis work * bv not1 /c-:onic .rid th * .0 'in~ the

)tiVne isrg 1100 e 04 heproiyurs.bocu he n
cenplths p,an toe thoes particle ein' trkesot 'JANee 1titiernayt

qu.inci-ckly ton4 Vlis effet 10l g/i-mieo. shcrerpctor
(1)ca~s ndelsopstimum ~ctoniditcions o ithe ring y hof pr'-
n,.tic (ofl 3)wdes 'etbyih In by pexpergifetpose~ti
ord~en of tile niationt of whaith viscsit. ovrt!_-su,

of .7. caclteii Voicn,:e thais not mln irm exred thert1 spti
ir te arrrge vm)uoe of the orreity "rA'ics.cu we n

AIbswehe onclenicated emat~ert. (ibe~s2 i qt

12 cn ls eti"Fctriydeorheth ~~csso5C4r



Tt&ble 3

C.-ndi-ticns~ 'to siiterf~ng ty hot prousing

of'~w'e cf t1rc- rc-fracotr~y cem~pouflds

TW 71.'V. VN? 2 0.5~-3

W.". C-7

7~ .

2W, ~ IIY ,-to

T*f'N 223%' JV3 L

Wtu i ItOi
UP~.I 2"ASO 26 I

r.Ya~ 2f ~ 01 0
Nh- 25p" IX i ,-

MOrJI IV-.

('.yP, 2M. 2 2J

2j ,0 22 4

Y.j2(1 0,8-
TI, U 2W V0.2-2

Zr~, * ~ ; I 5-6

21 0,0

WS1 IRIS; 0

Scc-!'pc~und

e~ residual pcorosity of the einterea jrroducto,

change In dnenity of siintc.red bl-d.-ee. A:, thei same t-41ea
during hcot pressing i-everv.±bi cbiergea~ of the den-ity
after remnoval1 Of the external1 pressure ckre noted which are
rela~ted wi t~he rela.xationi of th-e volume. * Tins effect
may be signifioant fc.r porous semi. cryiutalline bod'ies. The
reversible change In dennj.ty Wniob ve inver4tlipated inl the



sinterinr-ti o rv-1dmr 1-Y '6c:1 rri-r in.-

f' 2000-1*Z30Ccý ?0 , CsI pe nd U t 'IWcnr.4.

t ~An .1 ct i c', t 'ne nrcr i: I-~ rb~*~~

s ,1-verieddcu
r. -Av Iu C. I. P, t A c i j t. i~ o n vrl- T, IP

C~hd t~ m1e 0 thc a'.1~ fu t -5 :I~t PYr

-0 1)hct 1 n
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